Kv1.3 is a voltage gated potassium channel located in the plasma membrane, as well as at intracellular levels, such as mitochondria (mitoKv1.3), nucleus and Golgi apparatus. The plasma membrane channel has been shown to be important for cell proliferation, while the mitochondrial counterpart has been related to modulation of cell death. Moreover, altered expression of Kv1.3 was observed in various tumors and Kv1.3 seems to be involved in development and progression of various cancerous forms. Recent experimental evidences have proved that pharmacological inhibition of the mitoKv1.3 succeeded in reducing up to 90% of tumor volume in vivo in orthotopic mouse model. Furthermore, mitoKv1.3 modulation could impact on cell proliferation as well as on regulation of intracellular signaling pathways. Indeed, the treatment with sub-lethal doses of mitoKv1.3 inhibitors can downregulate Wnt-β catenin signaling by reducing mitochondrial ATP production and triggering ER-stress. In this review, we describe the role of the mitoKv1.3 in cell death, cancer and intracellular signaling. We will discuss how pharmacological modulation of mitochondrial potassium fluxes impact on mitochondrial membrane potential, reactive oxygen species production and ATP synthesis. All these changes in mitochondrial fitness are related to cell proliferation as well as to cell death and finally on cancer development and progression, so Kv1.3 (and mitoKv1.3) could be now considered a new oncological target. OMM [High conc.] [Sublethal conc.] Death Proliferation Signaling Response IMM Cell Physiol Biochem 2019;53(S1):52-62
Introduction
Mitochondria are intracellular organelles mainly involved in cellular respiration, but they can mediate also other processes, such as the regulation of differentiation, apoptosis, cell growth and cell cycle. The participation of mitochondria in these cellular processes seems to largely depend on ATP and ROS production, both generated during oxidative phosphorylation. Targeting mitochondrial metabolism by molecules able to specifically disrupt mitochondrial fitness and trigger cell death exclusively in cancer cells has become a promising strategy against cancer [1] .
Ion channels are ubiquitous pore-forming proteins, that control the passive diffusion of ions across cell membranes. Kv1.3 is a member of a large family of mammalian potassium (K + ) channels, it is encoded by KCNA3, an intronless gene that is clustered together with KCNA2 and KCNA10 genes on chromosome 1 and its product is 575 amino acids long protein [2] . Kv1.3 (also known as MK3, HGK5, HLK3, PCN3, HPCN3 or HUKIII) is a voltagegated K + channel belonging to the Shaker related (Kv1, KCNA) 4x6 trans-membrane (TM) subfamily. 4x6TM structure refers to the common design of ion channels that contain four homologous repeat domains with six transmembrane α-helices (S1-S6) in each domain. Furthermore, each domain contains a voltage-sensing element (S1-S4 helices) and a pore element (S5-S6 helices and the P-loop between S5 and S6). These functional parts of the protein respond to changes in membrane potential with a conformational change. Structural rearrangement of S4 domain are translated into a displacement of the S4-S5 linker that opens or closes the conduction pathway [3] [4] [5] . The NH2-and the COOH-terminal domains are both cytoplasmic and occur in channel clustering and in cell signaling via protein-protein intracellular interaction domains [6] [7] [8] [9] [10] [11] [12] [13] . Kv1.3 currents have been originally recorded in the plasma membrane (PM) of human T-lymphocytes using patch-clamp technique [14] . The PM Kv1.3 channel displays an activation threshold between 50 mV and 60 mV, a singlechannel conductance of 24 pS that is activated by depolarization [15] . Kv1.3 channel is the main K + channel in T-lymphocytes, but today it is clear that it is expressed in many other tissues and cell types such as macrophages, microglia cells, natural killer cells, osteoclasts, platelets, central nervous system, olfactory bulb and testis [16] [17] [18] [19] [20] . Kv1.3, as well as other Kv channels, is characterized by a multiple subcellular localization: in PM, in inner mitochondrial membrane (IMM) (mitoKv1.3) [21, 22] , in nuclear membrane [23] and in cis-Golgi apparatus [24] . PM Kv1.3 is mainly involved in the tuning of cellular resting potential, in the regulation of proliferation and cell volume. The nuclear membrane Kv1.3 seems to contribute to regulate transcription and in the Golgi apparatus the role is not clear, while the contribution of mitoKv1.3 to cellular physiology is better studied. In the IMM, the roles played by mitoKv1.3 are multiple, ranging from regulation of mitochondrial membrane potential, of mitochrondrial volume, or of reactive oxygen species (ROS) production. Interestingly, a crucial role for this channel in apoptosis became evident, first in lymphocytes and later in other systems as well.
In this review we will focus on the role of mitoKv1.3 in modulating cell death by inducing changes in mitochondrial membrane potential, in ROS production and triggering of cell death in the context of cancer development and treatment.
MitoKv1.3 features
MitoKv1.3 is a K + ion channel through the IMM, which underlies the primary function of mitochondrial K + channels. It contributes to the regulation of the mitochondrial matrix volume, the respiratory rate, the mitochondrial membrane potential (ΔΨ), the ROS synthesis and the redox signaling. In other words, it preserves mitochondrial metabolism and energy homeostasis. Biophysical and pharmacological analyses of channel activity and the generation of genetically modified cells have permitted to define the function of this protein.
The IMM Kv1.3 localization has been demonstrated, initially, in T-lymphocytes [21] , then also in macrophages [19, 25] , in post-synaptic medial nucleus of the trapezoid body neurons [26] , in hippocampal neurons [27] and in cancer cells lines PC-3 prostate tumor, MCF-7 breast adenocarcinoma, SAOS-2 osteosarcoma, in B16F10 melanoma cells and in primary B cells from Chronic Lymphocytic Leukemia (B-CLL) patients [15, 28, 29] .
MitoKv1.3 is codified by the same gene as PM Kv1.3 and from a structural point of view, no differences have been indicated with respect to that of PM, however from a functional point of view the two channels appear to have very different behaviors. MitoKv1.3 is active at the extremely negative mitochondrial resting membrane potential (-180, -200 mV) [21] and allows the influx of K + through the IMM, unlike PM Kv1.3 which opens in response to PM depolarization and mediates efflux of K + ions from the cytoplasm. Patch clamp experiments in gerbil hippocampal mitochondria demonstrated that mitoKv1.3 channel is voltage dependent in the -50/+50 mV voltage range and shows a conductance of 109 pS in 150 mM KCl medium, sensitive to 10 nM margatoxin (MgTx) [27] . MitoKv1.3 biophysical features have been investigated principally studying the pharmacological features of Kv1.3 channels using the known inhibitors. Kv1.3 blockers can be divided in two categories: I) PM non-permeable, such as TEA, 4-AP, benzamide, Margatoxin (MgTx), Charybdotoxin (ChTx) and Stichodactyla Toxin (ShK); II) PM-permeable, like psoralens and their derivatives (5-(4-phenylobutoxy) psoralen (Psora-4), 5-(4-phenoxybutoxy) psoralen (PAP-1) and its derivatives) and the rhinophenazine clofazimine (N,5-bis(4-chlorophenyl)-3-(1-methylethylimino)-5Hphenazine-2-amine), already used for autoimmune disorders [30, 31] . Only the second class are able to cross the PM and to block the mitoKv1.3 channels.
MitoKv1.3, ROS production and apoptosis
The reactive oxygen species (ROS) are produced mainly by mitochondria as a normal product of cellular respiration under normal physiological and pathological conditions and may have both beneficial and damaging role. Low levels of ROS production are needed to maintain physiological functions, like proliferation, host defense, signal transduction, and gene expression [32] .
In healthy condition ROS concentration is low, while in cancer cells the ROS are increased because there is a reduced ability for ROS scavenging [33] , and ROS species are necessary for induction of cancer proliferation, migration, and metastasis. As mentioned before, the inhibition of mitoKv1.3 channels triggers a transient hyperpolarization of the IMM which impacts on the redox state of the respiratory chain complexes, so rising single electron leakage at complexes I and III to molecular oxygen and increasing superoxide anion production. By oxidation of cysteine residues, ROS stimulates the mitochondrial permeability transition pore (PTP) that provokes the loss of the mitochondrial membrane potential and the mobilization and the release of cytochrome c from the mitochondrial cristae through the PTP and the outer mitochondrial membrane (OMM) voltage-dependent anion channels (VDAC), conclusively inducing the activation of the intrinsic apoptotic cascade [33] [34] [35] [36] . The ROS production is then exponentially sustained also by the ROS induced-ROS release [37] .
Apoptosis is a fundamental mechanism for normal cell development and maintenance of the cellular homeostasis. This pathway is controlled by proteins of the Bcl-2 family, which contains both pro-apoptotic and anti-apoptotic members and balances the decision between life and cell death [38] . Recent experimental evidences have highlighted how ion channels, particularly mitoKv1.3, play a crucial role in induction of programmed cell death. Mouse and human cells, genetically missing of channel Kv1.3 or transfected with siRNA that suppresses channel expression, are resistant to apoptosis induced by various stimuli, including overexpression of Bax [34] . Transfection of these cells with a specifically mitochondrial vector expressing Kv1.3 channel in this organelle restores the sensitivity of these cells to proapoptotic stimuli [34] .
Patch clamp and co-immunoprecipitation experiments have confirmed the physical interaction between the channel and the pro-apoptotic Bcl-2 family member Bax after induction of programmed cell death. Incubation of isolated Kv1.3-positive mitochondria with Bax resulted in mitochondrial hyperpolarization compatible with inhibition of depolarizing influence of K + charges mediated by mitoKv1.3. A structural model foresees the insertion of the Bax monomer inside the OMM [39] , where the alpha helices 5 and 6 protrude inside the mitochondrial inter membrane space (IMS), before the oligomerization and permeabilization of the membrane. The highly preserved amino acid lysine in position 128, present between these two helices of Bax, exposed in the mitochondrial IMS, interacts with the negative charges present in the vestibule of the channel pore. To support this evidence, it has been observed that in anti-apoptotic Bcl-2 family member proteins lysine 128 is replaced by a negatively charged amino acid. Furthermore, a mutation of lysine 128 in Bax does not allow contact between Bax and mitoKv1.3 and prevents the activation of apoptosis, transforming the pro-apoptotic protein Bax in an anti-apoptotic one. On the same line, the insertion of a lysine in position 158 in place of a glutamic acid in the anti-apoptotic protein Bcl-xL, turned this protein to pro-apoptotic [36, 40] .
The use of membrane-permeant inhibitors of Kv1.3 channel can be used to mimic Bax inhibition and to induce the intrinsic apoptotic pathway in cancer cells. This mechanism has been demonstrated to be selective for malignant cells. This is due to a combination of elevated ROS production induced by mitoKv1.3 channel inhibition and the high basal ROS levels present in cancer cells. This increase leads the cells to bypass the ROS critical threshold to trigger cell death. These events do not occur in case of normal cells since a lower amount of ROS are produced, and even if mitoKv1.3 inhibition happens the increase of ROS production is not sufficient to reach the critical threshold and induce cell death. It is importantly to note that if mitoKv1.3 is missing, even the induction of a mild oxidative stress does not sensitize cells to apoptosis, demonstrating a synergistic role of both mitoKv1.3 expression and cellular redox state in this pathway. Therefore, normal cells do not undergo apoptosis upon application of the inhibitors [29, 41] .
MitoKv1.3 and cancer
In general, Kv1.3 is involved in several pathological manifestations, such as the onset of autoimmune diseases, chronic diseases and in the development and progression of various cancerous forms [42] : melanoma [43] , breast adenocarcinoma [44] , pancreatic adenocarcinoma (PDAC) [45] , glioblastoma [46] and Chronic Lymphocytic Leukemia (B-CLL) [47] . In some cancerous forms there is an altered expression of specific ion channels, evidence that tumours constitute a form of channelopathy [48] . However, the altered expression of Kv1.3, observed in various tumours, does not present a unique and isolable pattern: sometimes there is an overexpression, as for example in breast adenocarcinoma [44] , while, on the contrary, it is expressed in a very low amount on other occasions, as in the case of prostate cancer [49] .
Kv1.3 expression can also change during cancer progression; considering the above examples, i.e. the case of breast adenocarcinoma, it has been observed (through the comparison of the expression levels of Kv1.3 mRNA of different stages compared to normal tissues) that there is an overexpression in the first stage of this breast cancer. Conversely, at the level of the second and third stage, the level of mRNA is not very different from the physiological levels, however, going to rise dramatically during the last stage of the tumour and in the metastatic phase [23] .
Despite the evidence gathered, there is no reliable model yet that explains the correlation between the expression of the Kv1.3 channel and these tumours: in various types of cancer, such as B-CLL, it is possible to observe the up-regulation of the channel, which seems to be caused by the haploinsufficiency of a gene regulating the channel, the KCNRG [29] . Similarly, inhibition of B-RAF kinase by a pro-apoptotic and anti-proliferative agent (PLX-4720) has been shown to reduce channel expression in B-CLL but not in normal B cells [47] . This evidence suggests that B-RAF-dependent activity may be related to channel overexpression in this type of cancer cell: similarly channel reduction in some types of cancer, such as pancreatic adenocarcinoma [44] and colon cancer [50] , seems to be related to an altered methylation of the channel promoter gene, which is particularly pronounced in metastatic cells.
According to differential expression of the channel during cancer development, its pharmacological targeting was studied in the latest years. Indeed, recent studies have highlighted the particular importance of mitoKv1.3 as a new specific oncological target expressing cancer cells, sparing healthy one not expressing the channel [29] . The activation of the intrinsic pathway of cell death, due to the inhibition of mitoKv13 in these cells, is characterized by increased ROS production, depolarization of the internal mitochondrial membrane, release of cytochrome c, cleavage of poly-ADP ribose-polymerase (PARP), followed by activation of caspases 9 and 3 ( Fig. 1) [28, 29] .
Lowering channel expression with siRNA demonstrated that membrane permeant inhibitors were ineffective in inducing programmed cell death [28] . It is therefore clear that the expression of mitoKv1.3 is necessary to produce all those mitochondrial modifications that end with apoptosis. On the contrary, Kv1.3 inhibitors that do not permeate the plasma membrane and therefore target only PM Kv1.3, e.g. the toxins MgTx, ShK and ChTx, do not induce the same apoptotic events [28] . It is important to note that programmed cell death is also induced in cancer cells expressing Kv1.3 without the pro-apoptotic proteins Bax and Bak, as demonstrated in the case of Jurkat leukemic cells and murine embryonic fibroblasts (MEF), or overexpressing the anti-apoptotic protein Bcl-2 or a mutated form of p53, as observed in B-CLL cells [28, 29] .
Kv1.3 membrane permeant inhibitors have also been shown to be effective in vivo, in orthotopic mouse models. The treatment with clofazimine was able to reduce the size of melanoma and PDAC by 90% and 50% respectively [28, 45] , showing no other alterations in the other healthy organs of the mice.
Recently, new mitochondria-targeted PAP-1 derivatives, namely PAPTP, PCARBTP and PCTP, have been synthesized by the addition of a positively charged lipophilic group (TPP + triphenylphoshonium), attached to the psoralene chain of PAP-1 [52, 53] . These new positively charged compounds accumulate more easily and very fast within the mitochondria, which display a negative charge at the level of the IMM. The mitochondriotropic characteristics of these compounds target them specifically to the mitoKv1.3. PAPTP, PCARBTP and PCTP are able to activate the mitochondrial dependent programmed cell death specifically only in cancer cells expressing mitoKv1.3, sparing healthy cells. The molecular pathway recapitulates all the mitochondrial features already demonstrated for membrane permeant Kv1.3 inhibitors: I) initial hyperpolarization of the IMM caused by the block of the K + fluxes; II) chemical reduction (not direct inhibition) of the respiratory chain complexes which alter mitochondrial respiration and ATP production; III) production of mitochondrial ROS; IV) activation of the PTP that lead to IMM depolarization; V) release of cytochrome c and induction of intrinsic apoptosis [53] . Importantly, these results have been obtained by experiments in vitro, involving different cancer cell lines, ex-vivo, studying the effects of these new synthetized derivatives on B-CLL from patients and healthy subjects, and in vivo, using orthotopic mouse melanoma and PDAC models. In the latter studies, PAPTP and PCARBTP were able to reduce tumor volume by 90% and 60%, respectively for melanoma and PDAC, without affecting healthy organs, immune system or cardiac function [53] . It is very important to note that also in this case apoptosis is not only due to over-expression of the channel in the mitochondrial membrane. The efficacy of these new compounds in combination with the addition of antioxidants is drastically reduced, further demonstrating that apart Kv1.3 expression also the production of ROS is a fundamental step of the pro-apoptotic process induced by these drugs. The release of ROS induces the activation of the hypoxia inducible factor (HIF1 α) in the cytoplasm, which promotes tumour development and metastasis [33] . As stated above, the selective death of cancer cells is therefore due to the combination of two synergistic factors [53] : the selectivity of compounds to the mitoKv1.3 added to a basal level of ROS present in the mitochondria of cancer cells. Healthy cells are therefore spared and therefore do not experience programmed cell death [54] .
MitoKv1.3 in proliferation and cell signaling
The cell cycle is constituted by four phases: G1 (gap 1), the S (synthesis of DNA), the G2 (gap 2) and the M (mitosis). The progression among the different phases is finely regulated by the presence of different check points represented by the cyclic activation or inhibition of cyclin-dependent kinases (CDKs) [55] . PM K + channels play an important role during cell proliferation, since they are involved in the regulation of plasma membrane potential and cell volume. Indeed, a high K + permeability hyperpolarizes plasma membrane and is necessary for the G1 to S transition, while a reduced K + permeability induces membrane depolarization that is needed to proceed from the M to the G1 phase [55] . Among the K + channels, Kv1.3 was one of the first that have been demonstrated to be involved in controlling proliferation of different cell types, e.g. microglia, oligodendrocytes and macrophages [55, 56] . Furthermore, Kv1.3 has been shown to be upregulated during G1 phase and its inhibition generally induces a block in proliferation [57, 58] . Not only fluctuation in K + fluxes are important to regulate proliferation but also other modification, such as conformational changes or protein-protein interactions. According to some proposed models, the activation of Kv1.3 together with the K Ca 3.1 (Ca 2+ -dependent K + channel activated by Ca 2+ -calmodulin) can hyperpolarize the plasma membrane, so reducing the Ca 2+ driving force through the plasma membrane induced by the plasma membrane depolarization. This modulation of the plasma membrane potential is able to modulate Ca 2+ influx inside the cells and in turn to regulate the Ca 2+dependent cellular processes, such as T-cell activation and proliferation [59] . Another model suggests that Kv1.3 undergoes conformational changes on its voltage domain following membrane depolarization and this variation is sufficient to induce a pro-proliferative activity of the channel [57] . Indeed, a Kv1.3 pore-less mutant favors proliferation independently on its voltage properties [60] . Moreover, Kv1.3 acts as a voltage sensor that is activated by depolarization, causing a modification of its C-terminal domain and exposing site for tyrosine and serine phosphorylation by members of the MEK-ERK signaling pathways [10, 49] . In this contest, we have demonstrated that B-RAF a member of the RAS-RAF-MEK-ERK signal transduction or mitogen-activated protein kinase (MAPK) pathway, involved in tuning cell proliferation, differentiation and survival in response to extracellular signals, mediates the up-regulation of Kv1.3 in B-CLL cells [47] .
Recently, we have demonstrated that even mitoKv1.3 can modulate cell proliferation ( Fig. 1) . Indeed, PAPTP and PCARBTP at nanomolar concentration are able to enhance cell proliferation by increasing the percentage of PDAC cell lines in S phase, in contrast to the block of the cell cycle induced by membrane impermeant toxins, which act exclusively on PM Kv1.3 [61] . The molecular mechanism involves a mild ROS production known to promote cell proliferation [62] [63] [64] and it is completely reverted by the pre-treatment with antioxidants or ROS scavengers [61] .
Finally, we recently demonstrated that pharmacological modulation of mitoKv1.3 by sub-lethal doses of PAPTP and PCARBTP is able to reduce the canonical Wnt-β catenin signaling pathway [65] . Wnt signaling is an important pathway that can be involved in cell proliferation and differentiation. When Wnt signaling is in the "off" state, β-catenin is constitutively phosphorylated by the so called "destruction complex" and sent to proteasomal degradation. Conversely, when this pathway is activated by the binding of a Wnt ligands on extracellular receptors, the destruction complex is disassembled and the unphosphorylated β-catenin is accumulated in the cytosol and it translocates in the nucleus where can activate the transcription of Wnt-related genes [66] . Aberrant activation of Wnt/β-catenin signaling promotes the development of several cancers [67] , by actively participating in conferring unlimited proliferative potential to these pathologic cells and leading to a worsened outcome in patients where this pathway is dysregulated [68] . Wnt signaling has also been shown to be involved in the Epithelial to Mesenchymal Transition (EMT) that drives cells towards differentiation into migratory mesenchymal and invasive cells, able to form metastasis. Thus, molecules/processes involved in this signaling pathway are considered attractive targets for the design of new chemotherapeutic agents, and some inhibitors recently entered clinical testing [69, 70] . On this issue, we have recently demonstrated that Wnt signaling can be specifically downregulated in cancer cells by tuning mitochondrial function and ATP production. Our results demonstrated that variation of mitochondrial fitness by several drugs (among the others also sub-lethal doses PAPTP and PCARBTP) or by genetic alteration ultimately impacts on mitochondrial ATP synthesis [65] . This mitochondrial ATP depletion in the MAMs impacts on the sarco/endoplasmic reticulum Ca 2+ -ATPase (SERCA) activity, reducing Ca 2+ uptake into the ER and in turn inducing ER stress, observed by an increased phosphorylation of the eukaryotic initiation factor 2 (EIF2α) and by the up-regulation of the activating transcription factor 4 (ATF4). This new paradigm has been also demonstrated in vitro in colorectal cancer cells. Finally, CHOP (CCAAT/enhancer-binding protein homologous protein)/GADD153 is able to modulate T cell factor/lymphoid enhancer factor (TCF/LEF) transcriptional activity so to decrease canonical Wnt pathway. This was the first evidence that the modulation of mitochondrial fitness (even by inhibiting a mitochondrial K + channel; Fig. 1 ) could modulate the activation of an intracellular signaling pathway.
Conclusion
In the latest years, ion channels are arising as new oncological targets. Several increasing evidences are describing the role of these proteins in cancer development as well as on its progression from primary tumor to metastasis. In this field, a growing role is on charge of the voltage-gated K + channel Kv1.3. Several observations have linked this channel and its activity to several pathological pathways. This channel has an altered expression in malignant cells than in healthy ones, its modulation could impact to some intracellular signaling pathways, such as the RAS or the Wnt signaling ones. Furthermore, these signaling pathways can in turn regulate Kv1.3 (and possibly mitoKv1.3) expression and function. Importantly, pharmacological targeting of Kv1.3 is well known and can be targeted by different drugs able to selectively inhibit the PM Kv1.3 or the intracellular one up to the mitoKv1.3, as observed by the newly designed mitochondria-targeted compounds. If we consider that this channel is not only involved in cancer development but also in other diseases, it is clear that future research on Kv1.3 will improve our knowledge of ion channels role in pathological cellular transformation.
